1. Introduction {#sec1}
===============

Climate and water are connected in a complex way through several variables such as precipitation, temperature, and solar radiation, however, these conditions differ from region to region. The impacts of a change in any of these variables alter the hydrological cycle by increasing runoff, the intensity of rainfall and evaporation rate ([@bib12]; [@bib9]). These will be manifested in floods, drying-up of rivers, lakes, and water bodies, change in rainfall patterns and the occurrence of droughts ([@bib5]). The changing climate will increase strongly from decades with higher temperatures and extreme precipitation, resulting in declined water supplies, water quality and increased water demand ([@bib10]) with a severe impact on the Northern-Saharan communities. One of the key components of water resources is runoff and it will be highly impacted by climate change. Runoff is affected by changing of temperature and precipitation ([@bib4]). Due to importance of runoff for water supply a lot of research has been conducted to quantify the effects of climate change on runoff.

The impact of climate change and variability on water resources is evident across the globe ([@bib33]; [@bib3]; [@bib15]; [@bib26]) and this is expected to be worse on the African continent ([@bib23]). Africa is reported to experience future decrease in water availabilty resulting from range of drivers including climate change especially in the Northern and Southern Africa ([@bib23]). The UNFCCC has reported increasing water stress for many countries within the African continent. The United Nation\'s report projects drying up and desertification especially in the Sahel and the Southern Africa ([@bib37]; [@bib36]). However, change in rainfall patterns in West Africa has affected runoff in the past years ([@bib24]). The river discharge in West Africa is strongly influenced by variations in rainfall: there is three times reduction in runoff whenever there is a unit decline in rainfall ([@bib17]). The West African region is projected to experience an increase in temperature by the end of the 21^st^ century, however, that of rainfall is uncertain ([@bib23]; [@bib30]). The uncertainty of the rainfall events will have several effects on the water resources and water demands especially household water use, agriculture use and hydropower generation among several others ([@bib25]). The rise of the surface temperature and changes in patterns of rainfall will result in severe extreme weather events, including higher intensity rainfall events, increased/decreased streamflow conditions as well as increase in extreme high sea levels ([@bib37]; [@bib10]). These changes could affect the hydrological cycle, and it could have significant impacts on the availability (both quantity and quality) ([@bib10]; [@bib8]; [@bib2]) and distribution of water resources especially in Ghana ([@bib6]).

A study in the Volta Basin ([@bib18]) in Ghana showed significant decrease in annual rainfall by the middle of the twenty-first century. The same study observed a reduction in river discharges and mean groundwater recharge on major tributaries of the Volta River. In a research on some river basins in Ghana, the projection revealed an increase in temperature and decrease in rainfall for the 2020s and 2050s respectively in the White Volta and Pra basins. As a consequence, the mean annual streamflow in the White Volta and Pra basins were estimated to decrease by more than 20% for the 2020s and 2050s ([@bib13]). As the availability of fresh water is vital to the economic and social development of Ghana, it is very important to understand the relationship between climate change and water resources and how it will impact the water resources in order to design suitable policies to adapt.

This study, therefore, seeks to assess the impact of projected climate change on the river flows in the Densu River Basin of Ghana.

2. Materials and methods {#sec2}
========================

2.1. Study area description {#sec2.1}
---------------------------

The research is carried out in the Densu River Basin in Ghana, West Africa ([Figure 1](#fig1){ref-type="fig"}). The Densu River Basin covers an area of about 2600km^2^ located at the South Eastern part of Ghana and it lies within longitudes 0^o^ 10′W -- 0^o^ 37′W and latitudes 5^o^ 30' -- 6^o^ 17′N ([@bib38]). It spans through 12 Local Government Assemblies in the Central, Eastern and the Greater Accra region. The main Densu River takes it source from Atewa Range near Kibi and flows for 116 km into the Weija Reservoir before entering the Gulf of Guinea. With Odaw and Volta Basins to the east and north of the Densu River, it also shares its catchment boundary with the Birim in the northwest and the Ayensu and Okrudu in the west ([@bib39]). The main economic activities in the catchment are agriculture which includes the cultivation of crops and the raising of livestock and fishing. Some crops cultivated in the area includes cocoa, maize, vegetables, pineapples, and cocoyam (Figures [1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}).Figure 1Map of the study area showing the DEM and river channels.Figure 1Figure 2Schematic of WEAP model of the Densu river basin.Figure 2

The Densu Basin has two distinct climatic zones: the relatively dry equatorial and the wet semi-equatorial climate. The dry climate is of the south-eastern coastal plains and the wet climate is recorded further north in the basin. Both climatic zones experience a bi-modal rainfall regime but the intensities differ from each one. The basin has two main rainy seasons: major and minor rainy season. The major season extends from April to July with a peak in June, whereas the minor which is less intense occurs between September and November ([@bib38]).

The mean annual temperature of the basin is about 27°C. The months of February and April are the hottest periods with maximum temperatures around 32°C. August is the coolest month with a mean temperature of about 23°C ([@bib38]).

2.2. WEAP (Water Evaluation and Planning system) model {#sec2.2}
------------------------------------------------------

WEAP is developed by the Stockholm Environment Institute (SEI). WEAP is an easy-to-use model used to assist in water resources management. WEAP was developed to assess water demand and to evaluate water resource development projects, climate change impacts and water management scenarios ([@bib34]). WEAP can be employed in different scales including agricultural systems, municipal systems as well as single catchments or complex transboundary river systems. It is one of the most used models for integrated water resources management. WEAP model is widely used to assess the impact of climate change in the future possible climate ([@bib29]; [@bib28]; [@bib1]; [@bib20]; [@bib31]) and adaptation scenarios on water resources ([@bib11]). It has a user-friendly graphical user interface (GUI) which makes it easier to work around. It is straightforward, easy to use and can be downloaded at [www.weap21.org](http://www.weap21.org/){#intref0010}.

WEAP can be used to simulate both hydrological processes and the effect of anthropogenic activities on water resources. WEAP calculates the hydrological cycle components by simulating the rainfall-runoff process on the catchment surface. The WEAP model contains four methods for simulating catchment processes. The methods include Irrigation Demands Only Method, Rainfall Runoff Method (Simplified Coefficient Method), Rainfall Runoff Method (Soil Moisture Method), and MABIA Method. These methods range from simple to complex and the choice of the method depends on the data availability and the purpose of the analysis. However, in this research, the Soil Moisture method was used to assess the hydrological response of the Densu River Basin to the changing climate.

2.3. Soil moisture method {#sec2.3}
-------------------------

In the soil moisture method, the catchment is divided into two soil layers (control volumes) called buckets: an upper soil layer known as a shallow water capacity and a and a lower soil layer which represents deep water capacity ([Figure 3](#fig3){ref-type="fig"}). For a catchment which is sub-divided into several sub-catchments based on different fractional land use and/or soil type areas, a water balance is computed for each fraction area j for the first layer, assuming the climate is constant within each sub-catchment. The equation of the water balance is specified below ([@bib34]).$$\mathbf{R}\mathbf{d}_{\mathbf{j}}\frac{\mathbf{d}\mathbf{Z}_{1,\mathbf{j}}}{\mathbf{dt}} = \mathbf{P}_{\mathbf{e}}\left( \mathbf{t} \right) - \mathbf{PET}\left( \mathbf{t} \right)\mathbf{k}_{\mathbf{c},\mathbf{j}}\left( \mathbf{t} \right)\left( \frac{5\mathbf{Z}_{1,\mathbf{j}} - 2\mathbf{Z}_{1,\mathbf{j}}^{2}}{3} \right) - \mathbf{P}_{\mathbf{e}}\left( \mathbf{t} \right)\mathbf{Z}_{1,\mathbf{j}}^{\mathbf{RR}\mathbf{F}_{\mathbf{j}}} - \mathbf{f}_{\mathbf{j}}\mathbf{k}_{\mathbf{s},\mathbf{j}}\mathbf{Z}_{1,\mathbf{j}}^{2} - \left( {1 - \mathbf{f}_{\mathbf{j}}} \right)\mathbf{k}_{\mathbf{s},\mathbf{j}}\mathbf{Z}_{\mathbf{i},\mathbf{j}}^{2}$$where Z~1,j~ is relative storage, based on the total effective storage of the root zone; Rd~j~ is the soil holding capacity of the land cover fraction j (mm); PET term is calculated using the modified Penman-Monteith reference crop potential evapotranspiration with the crop/plant coefficient (k~c,j~) for each fractional land cover; P~e~ is the effective precipitation and RRF~j~ is the Runoff Resistance Factor of the land cover. Low and high values of RRF~j~ may cause more or less surface runoff respectively. $P_{e}\left( t \right)Z_{1,j}^{RRF_{j}}$is the surface runoff; $f_{j}k_{s,j}Z_{1,j}^{2}$is the interflow from the first layer; the term k~s,j~ denotes the root zone saturated conductivity (mm/time) estimate and f~j~ is the partitioning coefficient that partitions water horizontally and vertically, based on the soil, type of land cover, and topography.Figure 3Conceptual diagram and equations incorporated in the Soil moisture method ([@bib34]).Figure 3

The change in storage of the second layer (dz2/dt) is computed as:$$\mathbf{S}_{\mathbf{m}\mathbf{a}\mathbf{x}}\frac{\mathbf{d}\mathbf{z}_{2}}{\mathbf{d}\mathbf{t}} = \left( {\sum_{\mathbf{j} = 1}^{\mathbf{N}}{\left( {1 - \mathbf{f}_{\mathbf{i}}} \right)\mathbf{k}_{\mathbf{s},\mathbf{j}}\mathbf{z}_{1,\mathbf{j}}^{2}}} \right) - \mathbf{k}_{\mathbf{s}2}\mathbf{z}_{2}^{2}$$where S~max~ is the deep percolation from the upper layer storage; and Ks~2~ is the saturated hydraulic conductivity of the lower storage (mm/time) which is given as a single value for the catchment.

2.4. Model setup {#sec2.4}
----------------

The WEAP model for the Densu River Basin was set up in the schematic view of the WEAP software. The basin was delineated using the automatic catchment delineation mode incorporated in WEAP. The river network and the hydro station was indicated as well. During the setup, the current accounts, key assumptions and scenarios were also defined. Current accounts are viewed as calibration step and provide insights of actual demands, and supply within the catchment. The time step of the study was set and the data on streamflow of the Densu river was entered as well as the climate data. After the setup, the model was calibrated and validated before being run.

2.5. Model calibration and validation {#sec2.5}
-------------------------------------

The calibration of an integrated river basin model, such as WEAP, is a challenging process. In general, calibration is process of adjusting the parameters of the models to appropriately simulate historical observations. For this research, the monthly observed streamflow data from 1995 to 2007 of the Densu river was used to calibrate and validate the WEAP model. The observed streamflow data of the river between 1995-2001 was used to calibrate the model and the observed streamflow between the period of 2002--2007 was used to validate the model. During the model calibration, the Parameter Estimator Tool (PEST) combined with a manual approach was employed. Some parameters in the model (runoff resistance factor) was adjusted manually while others (soil water capacity and root zone conductivity) were modified using the PEST in order to get a representative streamflow for the basin. The non-calibrated parameters were based on the default values of the model. The performance of the calibrated model was measured by statistical measures of calibration: Percent BIAS (PBIAS), Nash-Sutcliff efficiency (NSE) and coefficient of determination (R^2^) which measures the fit between the simulated and the observed streamflow. The range of R^2^ is from 0 to 1, with a higher value indicating less error variance. The closer the value to 1, the better the performance of the model and lesser the error variance ([@bib16]; [@bib32]). NSE ranges from −∞ to 1, with NSE value = 1 being the optimal value ([@bib22]). Acceptable PBIAS values should be \< ±25. However, the optimal PBIAS value is 0.0 ([@bib7]). The model performance is deemed accepted when R^2^ \> 0.60, NSE \> 0.50, and PBIAS is \< ±25% ([@bib21]). The efficiency of the model performance depends on how close R^2^ and NSE values approach 1 and PBIAS approaches 0.

The statistical measures are explained in the following equations:$$\mathbf{R}^{2} = \left\lbrack \frac{\sum_{\mathbf{i}}\left( {\mathbf{Q}_{\mathbf{o},\mathbf{i}}^{\mathbf{t}} - \overline{\mathbf{Q}_{\mathbf{o}}}} \right)\left( {\mathbf{Q}_{\mathbf{s},\mathbf{i}}^{\mathbf{t}} - \overline{\mathbf{Q}_{\mathbf{s}}}} \right)}{\sqrt{\sum_{\mathbf{i}}\left( {\mathbf{Q}_{\mathbf{o},\mathbf{i}}^{\mathbf{t}} - \overline{\mathbf{Q}_{\mathbf{o}}}} \right)^{2}\sum_{\mathbf{i}}\left( {\mathbf{Q}_{\mathbf{s},\mathbf{i}}^{\mathbf{t}} - \overline{\mathbf{Q}_{\mathbf{s}}}} \right)^{2}}} \right\rbrack^{2}$$$$\mathbf{NSE} = 1 - \frac{\sum_{\mathbf{i}}\left( {\mathbf{Q}_{\mathbf{o}} - \mathbf{Q}_{\mathbf{s}}} \right)^{2}}{\sum_{\mathbf{i}}\left( {\mathbf{Q}_{\mathbf{o},\mathbf{i}} - \overline{\mathbf{Q}_{\mathbf{o}}}} \right)^{2}}$$$$\mathbf{PBIAS} = \left\lbrack {100 \ast \ \frac{\sum_{\mathbf{i}}\left( \mathbf{Q}_{\mathbf{o},\mathbf{i}} - \mathbf{Q}_{\mathbf{s},\mathbf{i}} \right)}{\sum_{\mathbf{i}}\left( \mathbf{Q}_{\mathbf{o},\mathbf{i}} \right)}} \right\rbrack$$where, *Q* is the discharge variable, *o* is the observed variable, *s* is the simulated variable, *t* is the time and *i* is the number of points. The climate data used in generating the baseline (1981--2010) was obtained from the "Global Meteorological Forcing Dataset for land surface modeling" ([@bib40]) at the Princeton data source ([@bib27]).

2.6. Climate change {#sec2.6}
-------------------

The future climate data of the Densu River Basin was obtained from the Coordinated Regional Climate Downscaling Experiment (CORDEX) under the World Climate Research Programme (WCRP) through the Earth System Grid Federation infrastructure (ESGF). The future daily generated climate data for the period 2051-2080-time slice was performed under CORDEX\'s Africa domain. One Global Climate Model (GCM) was used to drive one Regional Climate Model (RCM) under one of the most recent IPCC emission scenarios, Representative Concentration Pathways (RCP 4.5), to generate the future daily climate data for the basin. The RCPs represent the greenhouse gas concentration trajectories. The projected climate data was compared to the baseline data to assess the level of change by percent for the study period. Their changes relative to the baseline were determined by the relation:$$\mathbf{Relative}\ \mathbf{change}\ \left( \% \right) = \frac{\mathbf{Predicted}\ \mathbf{mean} - \mathbf{Baseline}\ \mathbf{mean}}{\mathbf{Baseline}\ \mathbf{mean}}\mathbf{x}\ 100\%$$

Details on the GCM and RCM used are showed in [Table 1](#tbl1){ref-type="table"}.Table 1Global Climate Models (GCMs) and Regional Climate Models (RCMs) used in the CORDEX for downscaling.Table 1Model TypeModel NameModelling InstituteGCMICHEC-EC-EARTHSwedish Meteorological and Hydrological InstituteRCMRCA4Swedish Meteorological and Hydrological Institute[^2]

2.7. Climate change impact on the hydrological component {#sec2.7}
--------------------------------------------------------

To analyze the future impact of climate change on the streamflow, the validated WEAP model was used to simulate the rainfall-runoff process in the basin. The simulated runoff was directed at the upstream of the river as the headflow of the river. The streamflow was generated from the climatic data after the calibration and validation of the model. It was assumed that the basic characteristics of the watershed will not change for the projected period of analysis to 2080. Once a set of characteristics for the watershed was selected, there was a further assumption that the rainfall-runoff processes will stay reasonably constant under changing precipitation and temperature conditions. The changing temperature and precipitation conditions will impact the runoff simulation through increased evapotranspiration for example and reduction of baseflow. To evaluate the change in hydrology of the basin as an impact of climate change, the streamflow of the baseline was compared to the streamflow of the future scenario. To establish the baseline conditions, the validated WEAP model was used to generate the streamflow during the period of 1981--2010. This procedure was repeated for the future scenario to generate the streamflow for the period of 2051--2080 under RCP 4.5 projections. The baseline streamflow was compared to the projected streamflow to determine the relative change as a result of climate change.

3. Results and discussions {#sec3}
==========================

3.1. Performance of the model {#sec3.1}
-----------------------------

The WEAP model was calibrated before analyzing the climate impact on the streamflow. This was necessary to make sure the model is correctly representing the current situation in the study area. The streamflow data between the period of 1995--2001 was used in the calibration of the model whereas streamflow data between 2002-2007 was used in validation of the model. Overall, the model showed an efficient performance for both calibration and validation periods. The NSE values were 0.94 and 0.71 for calibration and validation respectively. The R^2^ values were 0.997 and 0.799 for both calibration and validation periods respectively. The PBIAS was estimated to be 9.6% during the calibration and -10.0% during the validation which shows a good model performance ([@bib21]). Hydrographs in [Figure 4](#fig4){ref-type="fig"} and [Figure 5](#fig5){ref-type="fig"} shows the performance of the model calibration and validation respectively. Evaluation of the hydrographs and the statistical analysis indicates that the model is reproducing the observed data reasonably well. The goal of calibrating the watershed rainfall runoff model in WEAP was not to exactly reproduce the historical runoff properties of the watershed but rather to develop a good representation of the existing streamflow that could serve as a base condition for the climate change analysis.Figure 4Observed and simulated monthly discharge for the model calibration period.Figure 4Figure 5Observed and simulated monthly discharge for the model validation period.Figure 5

3.2. Future climate {#sec3.2}
-------------------

### 3.2.1. Temperature {#sec3.2.1}

The Densu River Basin (DRB) is anticipated to be warmer ([Figure 6](#fig6){ref-type="fig"}). The mean annual temperature for the study period in the DRB is projected to increase by 8.23% under the RCP 4.5 scenario. The increase in temperature corresponds to the findings of [@bib23], and [@bib35] which projects temperature increase across Africa and West Africa respectively as well as Ghana ([@bib19]). The temperature in the DRB is projected to increase for all the months for the study period as shown in [Figure 6](#fig6){ref-type="fig"}. The projected mean monthly temperature ranges between 25.9 °C to 29.9 °C with the highest recording in the month of March. August remains the coolest month with reference to the baseline as the projections showed the lowest mean temperature of 25.9 °C representing a percentage increase of 8.86%. Moreover, compared to the baseline, the month of July is projected to have the highest increase of 12.32% for the study period followed by June with an increase of 9.7%. The month of May is anticipated to have the minimum increase (5.13%) ([Figure 6](#fig6){ref-type="fig"}). The temperature increase could have an impact on the streamflow of the river as this will increase the rate of evapotranspiration in the basin.Figure 6Pattern of occurrence and anticipated increase in the projected temperature (2051--2080) under RCP 4.5 scenario against the baseline.Figure 6

### 3.2.2. Rainfall {#sec3.2.2}

The projected mean monthly rainfall for the DRB ranges between 3.14 mm/month to 159.6 mm/month. The projection shows a reduction in the rainfall over the study period compared to the baseline. Generally, Ghana is expected to experience variation in rainfall in the future ([@bib19]). A reduction in rainfall signifies a reduction in the streamflow of the river basin as the principal source of recharge is through rainfall. Compared to the baseline, the future mean annual rainfall will see a reduction of -17% (180.69 mm/year) which fall within the projected range of -30% and 30% for rainfall variability in West Africa ([@bib35]). The decrease in rainfall will have a devastating impact on the river discharge especially with increasing temperature and evapotranspiration ([@bib13]). All the months are projected to experience a reduction in the mean rainfall with the exception of April, May, July and August which will experience an increase in the mean monthly rainfall ([Figure 7](#fig7){ref-type="fig"}). Based on the projection, the DRB will still exhibit the bi-modal rainfall pattern, however, the monthly peak rainfall has shifted from June (baseline) to August (projected) ([Figure 8](#fig8){ref-type="fig"}). The month of August is not only projected to have the minimum mean temperature over the period, it will be the wettest month as it records the highest rainfall over the study period. August is projected to have the highest increase in rainfall (+91.73mm) in the future as compared with the baseline ([Figure 8](#fig8){ref-type="fig"}). The month of November is projected to experience the highest reduction of rainfall for the study period as compared to the baseline ([Figure 7](#fig7){ref-type="fig"}).Figure 7Graph showing the change in projected rainfall between 2051-2080 for RCP4.5 scenario for CORDEX.Figure 7Figure 8Pattern of occurrence of the projected rainfall (2051--2080) under RCP4.5 scenario against the baseline.Figure 8

3.3. Climate change impact on streamflow {#sec3.3}
----------------------------------------

The projected mean annual streamflow for the study period (2051--2080) for the study basin shows significant decreases compared to the baseline conditions ([Figure 9](#fig9){ref-type="fig"}). In [Figure 9](#fig9){ref-type="fig"}, it can be seen that there is drastic decline in the annual streamflow for all the years in the future scenario compared to the historical baseline (see [Figure 9](#fig9){ref-type="fig"}). The mean annual streamflow reduction is estimated to be 58.3% by 2080. [Figure 10](#fig10){ref-type="fig"} indicates the mean monthly streamflow for the study period shifting from a bi-modal flow regime (baseline) to a uni-modal flow regime. However, the peak flow is anticipated in July which is same as the baseline. The results from the simulation indicate a projected decrease of the average monthly streamflow from the baseline scenario to the future scenario for all the months excluding August ([Figure 11](#fig11){ref-type="fig"}). August is anticipated to increase by approximately 21%.Figure 9Graph showing the mean annual streamflow trends of the past and the future.Figure 9Figure 10Pattern of occurrence of the projected streamflow (2051--2080) against the baseline (1981--2010).Figure 10Figure 11Graph showing the change in projected streamflow between 2051-2080.Figure 11

The month of October will see the highest reduction of (29.06Mm^3^) 90% at the end of the study period. The months of the dry period (November--March) will all experience a reduction of over 80% relative to the baseline and this might lead to water shortages ([Figure 11](#fig11){ref-type="fig"}). The streamflow reduction could be link to the reduction in rainfall over the basin for the study period. This can be explained by a close correlation between the changes in projected rainfall and streamflow. To statistically determine this, a correlation coefficient between the rainfall changes and the streamflow changes was calculated. The correlation coefficient was calculated to be 0.7 which represent a positive correlation between the two variables. Any change in rainfall appends a certain degree of change in the streamflow accordingly as observed by [@bib17]. A graphical representation of the correlation is shown in [Figure 12](#fig12){ref-type="fig"}. Streamflow reduction in September and October will likely exacerbate water shortage in the months ahead (dry season). The reduction of the Densu river streamflow has been predicted in previous research ([@bib13]; [@bib14]).Figure 12Correlation between the changes in the projected rainfall and the streamflow.Figure 12

The change in streamflow was determined with the relation below:$$\mathbf{Change}\ \mathbf{in}\ \mathbf{Streamflow}\ \left( \% \right) = \frac{\mathbf{MA}\mathbf{S}_{\mathbf{p}} - \mathbf{MA}\mathbf{S}_{\mathbf{b}}}{\mathbf{MA}\mathbf{S}_{\mathbf{b}}}\mathbf{x}100$$Where MAS is the mean annual streamflow, p is the projected streamflow and b is the baseline streamflow. The reduction in the river discharge for the period projects severe conditions in the future as far as water resources availability in the basin is concerned.

4. Conclusion {#sec4}
=============

In this research, the Water Evaluation and Planning system (WEAP21) was applied to evaluate the climate change impact on the water resources in the Densu River Basin between 2051-2080 period. The overall results showed that a decrease in streamflow due to climate change effect over the study period. The basin is projected to be warmer in the future with expected mean temperature increase of 8.23% over the study period. The projected rainfall at the end of the study period is anticipated to see a drastic decline of -17%. However, the months of April, May, July and August will see an increase in rainfall. River discharge is decreasing over time. The river discharge declined by approximately 58% by the end of the study period. The primary cause of the depletion in the streamflow is as a result of the reduction in the rainfall as predicted by the climate scenarios.

This study concludes that water resources in the basin are consequently affected by climate change. The study therefore recommends future research on climate change adaptation for water management in the Densu River Basin.
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[^1]: Plot 20, Block B, AF-0506-8040, Atimatim, Afigya-Kwabre South, Ashanti, Ghana.

[^2]: Source: Coordinated Regional Climate Downscaling Experiment (CORDEX).
